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Set7/9 (also known as Set7, Set9, Setd7, and Kmt7) is a lysine methyltransferase that catalyzes the methylation of multiple substrates, including histone H3 and non-histone proteins. Although not essential for normal development and physiology, Set7/9-mediated methylation events play important roles in regulating cellular pathways involved in various human diseases, making Set7/9 a promising therapeutic target. Multiple Set7/9 inhibitors have been developed, which exhibit varying degrees of potency and selectivity in vitro. However, validation of these compounds in vivo has been hampered by the lack of a reliable cellular biomarker for Set7/9 activity. Here, we report the identification of Rpl29, a ribosomal protein abundantly expressed in all cell types, as a major substrate of Set7/9. We show that Rpl29 lysine 5 (Rpl29K5) is methylated exclusively by Set7/9 and can be demethylated by Lsd1 (also known as Kdm1a). Rpl29 is not a core component of the ribosome translational machinery and plays a regulatory role in translation efficiency. Our results indicate that Rpl29 methylation has no effect on global protein synthesis but affects Rpl29 subcellular localization. Using an Rpl29 methylation-specific antibody, we demonstrate that Rpl29K5 methylation is present ubiquitously and validate that (R)-PFI-2, a Set7/9 inhibitor, efficiently reduces Rpl29K5 methylation in cell lines. Thus, Rpl29 methylation can serve as a specific cellular biomarker for measuring Set7/9 activity.
Covalent post-translational modifications (PTMs) 7 of proteins, such as phosphorylation, acetylation, methylation, and ubiquitination, increase the functional diversity and complexity of the proteome. PTMs can alter the properties of proteins, including their folding, stability, targeting to specific subcellular locations, interactions with ligands or other proteins, and functional states. Lysine methylation, which involves the transfer of one, two, or three methyl groups to the ⑀-nitrogen of a lysine side chain, is a widespread PTM that contributes to essentially all aspects of cell physiology (1) . Given their abundance, histone proteins were among the first characterized methyl-lysine proteins (2) . Studies over the last two decades have established that histone lysine methylation plays critical roles in gene regulation and chromatin dynamics, with the sites (lysine residues) and degrees of methylation (mono-, di-, and trimethylation) often correlating with distinct chromatin states and functional outcomes. For example, mono-and trimethylation of histone H3 lysine 4 (H3K4me1 and H3K4me3) mark enhancer and active promoter regions, respectively, and H3K36me3 is usually associated with transcribed regions, whereas H3K27me3 and H3K9me3 are typically enriched in repressed and heterochromatin regions, respectively (3) . The relative slow development of proteomic tools and the fact that most proteins are much less abundant than histones have hindered the identification of lysine methylation in other proteins. Nonetheless, numerous non-histone proteins have been shown to be methylated at lysine residues (4, 5) , although the regulation and functional relevance of most of these methylation events remain to be explored.
Lysine methylation is generated by lysine methyltransferases (KMTs) and removed by lysine demethylases (KDMs). The majority of known KMTs contain a catalytic SET domain, named after the three founding members of the family: Su(var)3-9, Enhancer of zeste, and Trithorax (6) . Another protein family known to methylate lysine is the seven ␤-strand methyltransferase family (7) , including Dot1L, which methy- lates H3K79, and several other members that methylate lysines in non-histone proteins (5) . There are also two families of KDMs. Lysine-specific demethylase 1 (Lsd1, also known as Kdm1a) and Lsd2 (Kdm1b) belong to the family of FAD-dependent monoamine oxidases. They remove mono-and dimethylation from H3K4 (8, 9) , and Lsd1 has also been shown to demethylate non-histone proteins (4, 10, 11) . The second family of KDMs is the Jumonji C (Jmjc) domain-containing proteins, which can remove mono-, di-, and trimethylation by an oxidative mechanism requiring Fe(II) and ␣-ketoglutarate as co-factors (12) . Set7/9 (also known as Set7, Set9, Setd7, and Kmt7), a SET domain-containing protein, was originally identified as a histone H3K4 monomethyltransferase associated with transcriptional activation (13, 14) . However, Set7/9 exhibits little activity toward H3K4 in nucleosomes (15) , and Set7/9-deficient (Set7/ 9 Ϫ/Ϫ ) mouse embryonic fibroblasts (MEFs) have normal levels of H3K4 methylation (16) , suggesting that histone H3 is not the primary substrate of Set7/9. Indeed, multiple non-histone substrates of Set7/9 have been identified, including p53, Taf10, Dnmt1, estrogen receptor ␣, Stat3, E2F1, Rb, and Pdx1 (4, 15, (17) (18) (19) (20) (21) (22) (23) (24) . Structural and functional analysis revealed that the minimal consensus sequence for Set7/9 substrate recognition is K/R-S/T-K (in which the methylation site is underlined) (25, 26) .
Genetic studies in mouse suggest that Set7/9 is not essential for mammalian development (16, 27, 28) . However, Set7/9, via modulating the stability and activities of its substrates, has been implicated in regulating cellular pathways involved in various human diseases, including cancer, diabetes, pulmonary and renal fibrosis, and inflammation (4, 24, 29 -32) . Therefore, Set7/9 has emerged as a promising target for therapeutic interventions. Indeed, multiple Set7/9 inhibitors have been developed (33) (34) (35) (36) (37) (38) (39) . Although these compounds exhibit certain degrees of potency in biochemical assays in vitro, it has been difficult to validate their inhibitory effects toward Set7/9 in vivo. Despite the identification of multiple Set7/9 substrates, a reliable biomarker that can be conveniently used to measure Set7/9 activity in cells is still unavailable. The challenges include potential functional redundancy of KMTs on Set7/9 substrates, low levels of expression and methylation of Set7/9 substrates, and lack of detection reagents.
In this study, we identified ribosomal protein L29 (Rpl29) as a major substrate of Set7/9. Rpl29, a component of the large (60S) ribosomal subunit abundantly expressed in all cell types, plays a regulatory role in translation efficiency but is not essential for protein synthesis (40) . We showed that Rpl29 lysine 5 (Rpl29K5) is methylated exclusively by Set7/9. This methylation event had no effect on global protein synthesis but facilitated Rpl29 nuclear enrichment. We demonstrated that Rpl29K5 methylation is present ubiquitously in cell lines and validated that the Set7/9 inhibitor (R)-PFI-2 (36) efficiently reduces Rpl29K5 methylation in cells. Thus, Rpl29 methylation is a specific cellular biomarker for Set7/9 activity, which would be valuable for developing and testing therapeutics that target Set7/9.
Results

Set7/9 specifically methylates Rpl29 at Lys-5
In an attempt to generate a "pan" methyl-lysine antibody, New Zealand White rabbits were immunized with a peptide library that contained a single dimethyl lysine (Kme2) surrounded by six degenerate amino acids on each side (XXXXXX-Kme2-XXXXXX), and the polyclonal antibody, D3977, was purified by immunoaffinity. As Set7/9 is a promiscuous enzyme that methylates multiple substrates (4), we tested the reactivity of the D3977 antibody by Western blot analysis of the wildtype (WT) J1 mouse embryonic stem cell (mESC) line and a Set7/ 9 Ϫ/Ϫ mESC line derived from a Set7/9-null blastocyst-stage embryo (27) . The antibody recognized multiple proteins, with the vast majority of them showing no obvious differences in both cell lines. However, a prominent signal of ϳ22 kDa detected in WT cells was absent in Set7/9 Ϫ/Ϫ cells ( Fig. 1A ), suggesting that the protein could be a Set7/9-specific substrate or, alternatively, its expression could be silenced in Set7/9 Ϫ/Ϫ cells. To determine the identity of the protein, we performed immunoaffinity enrichment with the D3977 antibody, followed by LC and tandem MS (LC-MS/MS) analysis. The ϳ22-kDa protein turned out to be Rpl29, a component of the large (60S) ribosomal subunit. Of note, peptides containing dimethyl Lys-5 of Rpl29 were identified in WT, but not Set7/9 Ϫ/Ϫ , samples, suggesting that Set7/9 catalyzes dimethylation of Rpl29 at Lys-5 (Rpl29K5me2) ( Fig. 1B) . Indeed, Lys-5 is present in an optimal sequence motif recognized by Set7/9, i.e. K-S-K (25, 26) , and previous work has shown that human and rat Rpl29 can be methylated at Lys-5 (41, 42) .
To confirm that Set7/9 is responsible for Rpl29 methylation, we stably transfected Set7/9 Ϫ/Ϫ mESCs with a plasmid expressing FLAG-tagged Set7/9 or a catalytically inactive variant that harbors a histidine-to-alanine mutation at amino acid 297 (H297A) in the SET domain (15) . WT Set7/9 restored Rpl29 methylation, with methylation abundance correlating with Set7/9 levels in different stable clones, whereas the H297A mutant protein failed to rescue Rpl29 methylation (Fig. 1C ). To verify the methylation site, we transiently transfected FLAGtagged Rpl29 or an Rpl29 mutant with Lys-5 being substituted with arginine (K5R). The FLAG-tagged proteins were immunoprecipitated and immunoblotted with the D3977 antibody. As shown in Fig. 1D , Lys-5 substitution led to complete elimination of Rpl29 methylation, indicating that Lys-5 is the only site methylated by Set7/9. Set7/9 is typically a monomethyltransferase, although it has also been shown to deposit dimethyl marks on specific substrates (26) . To confirm that Set7/9 indeed catalyzes Rpl29K5 dimethylation, we performed an in vitro methylation assay using recombinant GST-Set7/9 protein and biotinylated Rpl29 peptides (amino acids 2-15) with Lys-5 being unmodified or methylated. As shown in Fig. 1E , Set7/9 efficiently methylated the unmodified and monomethyl peptides, but not di-and trimethyl peptides. By measuring the density of the methyl signals, as well as the biotinylated peptide signals (for normalization), using the NIH ImageJ software, we estimated that the methyl signal deposited on the monomethyl peptide was ϳ70% of that deposited on the unmodified peptide (Fig. 1E ). The data
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suggest that Set7/9 catalyzes both mono-and dimethylation of Rpl29 at Lys-5, with strong activity for producing the dimethyl mark.
Having established that Set7/9 specifically methylates Rpl29 at Lys-5, a rabbit mAb against an Rpl29 peptide with dimethyl Lys-5 was developed. Dot-blot analysis showed that the antibody, named dimethyl-RPL29 (Lys-5) (D8T9P) rabbit mAb, exhibited strong reactivity with the dimethyl peptide, slight cross-reactivity with the monomethyl peptide, and no reactivity with the trimethyl and unmodified peptides ( Fig. 2A ). Western blot analysis detected a single ϳ22-kDa protein in WT mESCs, but not in Set7/9 Ϫ/Ϫ and Rpl29 Ϫ/Ϫ mESCs (Rpl29 Ϫ/Ϫ cells were generated by CRISPR-Cas9 technology, Fig. S1 ), thus demonstrating that the antibody is specific for methylated Rpl29 (Fig. 2B ). Taken together, our results show that Rpl29 is a major substrate of Set7/9.
Rpl29 is demethylated by Lsd1
Several Set7/9 substrates, including p53, Dnmt1, E2F1, and Stat3, have been shown to be demethylated by the lysine demethylase Lsd1 (4, 10, 11, 19, 21, 22, 43) . We therefore assessed whether Rpl29 methylation is regulated by Lsd1. In mESCs, deletion of Lsd1 (19) led to an increase in Rpl29K5 methylation ( Fig. 3A ) and, conversely, overexpression of FLAG-tagged Lsd1 resulted in a decrease in Rpl29K5 methylation (Fig. 3B ). These results suggest that Lsd1 is a key enzyme that demethylates Rpl29 in mESCs. A, Western blot analysis of WT (J1) and Set7/9 Ϫ/Ϫ mESC lysates with a pan dimethyl-lysine antibody (D3977), which recognized an ϳ22-kDa protein (arrow) in J1 cells, but not in Set7/9 Ϫ/Ϫ cells. B, MS/MS spectrum of dimethyl Lys-5 of Rpl29. C, FLAG-tagged Set7/9 or an inactive Set7/9 mutant (H297A) was stably expressed in Set7/9 Ϫ/Ϫ mESCs, and the cell lysates were immunoblotted with FLAG, D3977, and Rpl29 antibodies, respectively. Note that Rpl29 methylation was restored by Set7/9, but not by the inactive mutant. Untrans, untransfected. D, FLAG-tagged Rpl29 or a K5R mutant was transiently expressed in J1 mESCs (empty vector was transfected as a negative control), the cell lysates were immunoprecipitated (IP) with FLAG antibody (FLAG IP), and the samples were immunoblotted with D3977 and FLAG antibodies, respectively. Note that the K5R substitution abolished Rpl29 methylation. E, in vitro methylation assay using 3 H-labeled SAM, GST-Set7/9 protein, and biotinylated Rpl29 peptide-(2-15) with Lys-5 being unmodified (me0), mono (me1)-, di (me2)-, or trimethylated (me3). Histone H3-(1-18) peptide was used as a positive control, and GST-Set7/9 alone served as a negative control. The presence of biotinylated peptides was verified by Western blotting probed with horseradish peroxidase (HRP)-conjugated streptavidin. Note that Set7/9 can methylate Rpl29K5me0 and me1 peptides, but not Rpl29K5me2 and me3 peptides.
To determine whether Rpl29K5 is also methylated in differentiated cells, we examined the murine fibroblast cell line NIH 3T3 by Western blot analysis. It turned out that the Rpl29K5 methylation level was substantially higher in NIH 3T3 cells compared with mESCs ( Fig. 3C ). Although comparable levels of Set7/9 were detected in NIH 3T3 cells and mESCs, Lsd1 expression was markedly different, with a much higher level in mESCs, which is likely the major determinant of the difference in Rpl29K5 methylation levels in these cell lines (Fig. 3C ).
Human and murine Rpl29 are identical in their N-terminal 64 amino acids, and thus their methylated forms would be recognized equally well by the dimethyl-RPL29 (Lys-5) (D8T9P) rabbit mAb. We assessed the presence of RPL29K5 methylation in a panel of human cancer cell lines. As expected of a ribosomal protein, RPL29 is abundantly expressed in all cell lines examined. RPL29K5 methylation was ubiquitously detected, although its levels showed greater variations compared with total RPL29 levels. In general, RPL29K5 methylation levels positively correlated with SET7/9 levels and negatively correlated with LSD1 levels (Fig. 3D ). Collectively, these data suggest that the RPL29 methylation levels in cells are mainly determined by the opposing effects of SET7/9 and LSD1.
Rpl29 methylation has no effect on global protein synthesis
To gain insights into the functional relevance of Rpl29 methylation, we first deleted the Rpl29 gene in NIH 3T3 cells using the CRISPR-Cas9 technology (Fig. 4A, Fig. S1 ) and then reintroduced exogenous WT Rpl29 or the unmethylable K5R mutant (Fig. 4B ). Stable clones with expression levels similar to the endogenous Rpl29 level in NIH 3T3 cells were selected for subsequent experiments (Fig. 4B ). We confirmed that Rpl29K5 methylation was present in the WT Rpl29 clone, at a similar level as in NIH 3T3 cells, and was absent in the K5R clone (Fig.  4B) . Although it has been reported that Rpl29 Ϫ/Ϫ primary MEFs exhibit decreased rates of proliferation (40) , deletion of Rpl29 in the immortalized NIH 3T3 cell line, as well as the stable clones expressing exogenous Rpl29 proteins, showed no obvious changes in proliferation, survival, and morphology.
Although Rpl29 is not essential for protein synthesis, it has been shown to enhance translation efficiency in MEFs (40) . Using the surface sensing of translation (SUnSET) assay, a method for monitoring global protein synthesis that involves the immunological detection of puromycin-labeled neosynthesized proteins (44), we found that deletion of Rpl29 in NIH 3T3 cells resulted in a slight decrease in global protein synthesis. Re-expression of Rpl29 or the K5R mutant in Rpl29 Ϫ/Ϫ cells led to partial restoration of protein synthesis, with Rpl29 and the K5R mutant showing comparable effects (Fig. 4C) . The results were confirmed by metabolic ([ 35 S]methionine) labeling (Fig.  4D ), another assay for measuring global protein synthesis (45) . Polysome profiling also revealed similar fractions of mRNPs and polysomes in all the cell lines examined (Fig. 4E ). Based on these findings, we conclude that Rpl29 methylation has no effect on global protein synthesis in NIH 3T3 cells.
Rpl29 methylation affects its subcellular localization
We next investigated whether Rpl29 methylation alters its subcellular localization by performing immunofluorescence (IF) analysis and confocal microscopy. Consistent with the Rpl29 localization pattern in other cell types (40, 46) , NIH 3T3 cells displayed a strong Rpl29 signal in the cytoplasm, with enrichment in perinuclear rough endoplasmic reticulum, and weak signal in the nuclei, with staining in both the nucleoplasm and nucleoli. The Rpl29 signal was specific, as no staining was detected in Rpl29 Ϫ/Ϫ cells. The localization patterns of exogenous Rpl29 and the K5R mutant were generally similar to that of endogenous Rpl29 in NIH 3T3 cells. However, careful examination revealed that, compared with WT Rpl29, the K5R signal was stronger in the cytoplasm, especially in the perinuclear regions, and weaker in the nucleoplasm, which made staining in the nucleoli more prominent in some cells (Fig. 5A) .
Because the change in localization pattern observed with the unmethylable K5R mutant was subtle, we assessed the effect of enhancing Rpl29 methylation. To this end, FLAG-tagged Set7/9 or the catalytically inactive variant (H297A) was stably transfected in NIH 3T3 cells (Fig. 5B) . IF analysis showed a striking alteration of the Rpl29 localization pattern, with a strong signal in the nuclei and weak signal in the cytoplasm, in Rpl29 is a major substrate of Set7/9 cells overexpressing Set7/9. The effect depended on Set7/9 activity, as cells overexpressing the H297A mutant showed no change in Rpl29 localization pattern (Fig. 5C ). Although we were unable to directly examine the localization pattern of methylated Rpl29 with IF using the dimethyl-RPL29 (Lys-5) (D8T9P) rabbit mAb, our results collectively suggest that Lys-5 methylation facilitates Rpl29 nuclear localization.
Validation of Rpl29 methylation as a cellular biomarker for Set7/9 activity
Set7/9 is a promising therapeutic target for several diseases. Multiple Set7/9 inhibitors have been developed, which exhibit varying degrees of potency and selectivity in biochemical assays in vitro (33) (34) (35) (36) (37) (38) (39) . However, no direct evidence has been obtained that these compounds have Set7/9 inhibitory effects in vivo, mainly because of the lack of a reliable cellular biomarker for Set7/9 activity. With the identification of Rpl29 as a major substrate of Set7/9, we tested the effect of (R)-PFI-2 on Set7/9 activity in cells. (R)-PFI-2 is a selective Set7/9 inhibitor with nanomolar potency in vitro (36) . Treatment of mESCs with 5 M (R)-PFI-2 resulted in steady decreases of Rpl29K5 methylation, with the signal becoming severely reduced after 14 h and hardly detectable after 24 h ( Fig. 6A ). At 5 M, (R)-PFI-2 also led to decreases in Rpl29K5 methylation in NIH 3T3 cells, albeit with less efficiency compared with the effect in mESCs (Fig. 6B) , consistent with the observation that NIH 3T3 cells have substantially higher levels of Rpl29K5 methylation (Fig. 3C ). Higher doses of (R)-PFI-2 showed a more obvious Set7/9 inhibitory effect in NIH 3T3 cells, with 10 M being sufficient to largely eliminate Rpl29K5 methylation after 24 h of treatment (Fig. 6C) . These data validated Rpl29K5 methylation as a specific cellular biomarker for Set7/9 activity.
Discussion
In summary, we demonstrate that Set7/9 specifically methylates Lys-5 in Rpl29, an abundant protein in cells, thus identifying a major Set7/9 substrate. Although Set7/9 is generally considered a monomethyltransferase, it has also been shown to catalyze dimethylation of specific substrates in vitro and in vivo, depending on the sequence contexts of the methylation sites (26) . We identified Rpl29K5me2 using antibodies raised against dimethyl peptides. However, in vitro methylation assay suggests that Set7/9 catalyzes both mono-and dimethylation of Rpl29. Indeed, previous work has shown that an antibody 
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against human p53K372me1 (ab16033, Abcam), which presumably recognizes monomethylation, cross-reacts with an unknown Set7/9 substrate with the same molecular weight as Rpl29 (16), further indicating that Rpl29 can be monomethylated. Rpl29 is conserved in eukaryotes but lacks an ortholog in prokaryotes, suggesting that Rpl29 is not a core component of the ribosome translational machinery and may play a regulatory role in translation. This notion is supported by genetic evidence. Rpl29 Ϫ/Ϫ mice are viable and exhibit general growth deficiencies, and Rpl29 Ϫ/Ϫ MEFs show reduced rates of protein synthesis and proliferation (40) . Our data indicate that in NIH 3T3 cells, an immortalized fibroblast cell line with a relatively high level of Rpl29K5 methylation, Rpl29 methylation has no overt effect on global protein synthesis. However, Rpl29 methylation affects its subcellular localization, with the methylated form being enriched in the nuclei, although its functional relevance remains to be determined. It is worth mentioning that Rpl29 Ϫ/Ϫ NIH 3T3 cells, as well as Rpl29 Ϫ/Ϫ mESCs, show no proliferation defects, in contrast to Rpl29 Ϫ/Ϫ MEFs as reported Rpl29 is a major substrate of Set7/9 previously (40) . We cannot rule out the possibility that Rpl29 and its methylation regulate the synthesis of specific proteins and are functionally more important in special cell types. Nonetheless, the fact that Set7/9 Ϫ/Ϫ mice are viable and fertile with no gross abnormalities (16, 27, 28) suggests that the regulatory role of Rpl29 methylation must be subtle, if any, during normal development and in normal cells. Most PTMs, including lysine methylation, are reversible, and "correcting" aberrant PTMs by targeting relevant enzymes and regulators (widely known as epigenetic therapy) has become a new frontier for drug discovery. Set7/9, which is not essential for normal development and physiology but regulates cellular pathways involved in various diseases, represents a promising therapeutic target. The identification of Rpl29 as a major Set7/9 substrate provides a specific biomarker for measuring Set7/9 activity in cells. Indeed, we validated the effect of the Set7/9 inhibitor (R)-PFI-2 by showing that it efficiently reduces the Rpl29K5 methylation levels in both mESCs and NIH 3T3 cells.
There are several advantages of using Rpl29 methylation as a biomarker for Set7/9 activity. First, given the functional redun-dancy of KMTs in histone methylation, it is possible that methylation of non-histone proteins, including some Set7/9 substrates, also involves multiple KMTs. We show that deletion of Set7/9 results in complete elimination of Rpl29 methylation in both mESCs and NIH 3T3 cells, indicating that Rpl29 is methylated exclusively by Set7/9. Second, unlike most known Set7/9 substrates, Rpl29 is abundantly expressed and ubiquitously methylated in all cell lines examined, which makes Set7/9 activity changes readily detectable. Third, methylation of Rpl29 has no overt effects on cell physiology, thus simplifying the interpretation of experimental data, as opposed to the potential complexity associated with methylation events that are functionally more critical. Last, the dimethyl-RPL29 (Lys-5) (D8T9P) rabbit mAb specifically recognizes methylated Rpl29, which would be valuable for testing therapeutics that target Set7/9, as well as for fundamental research on the regulation and functions of Set7/9. Lsd1, which is frequently overexpressed in cancer (11) , is also a promising therapeutic target that has been actively pursued by both academic laboratories and biopharma companies. We 
show that Lsd1 is a key enzyme that removes Rpl29 methylation, indicating that Rpl29 methylation can be used as a biomarker for Lsd1 activity as well. However, it remains to be determined whether other KDMs, such as Lsd2, are also involved in demethylating Rpl29.
Experimental procedures
Generation of methyl-lysine antibodies
The pan methyllysine antibody D3977 was generated using a peptide library that had a single dimethyl lysine in a peptide library containing degenerate amino acids at surrounding positions. The antibody was an antigen affinity purified polyclonal antibody. The dimethyl-RPL29 (Lys-5) (D8T9P) rabbit mAb was produced by immunizing rabbits with a synthetic peptide corresponding to residues surrounding Lys-5 of Rpl29. As human and murine Rpl29 proteins have identical sequences in their N-terminal regions, the D8T9P antibody recognizes the methylated form of both human and murine Rpl29.
LC-MS/MS analysis
Protein extracts from WT and Set7/9 Ϫ/Ϫ mESC lines were digested with trypsin, and methylated peptides were enriched by immunoaffinity using the polyclonal dimethyl-lysine antibody D3977. Enriched peptides were identified and quantified by LC-MS/MS analysis, as reported previously (47) .
Plasmid vectors
The FLAG-Lsd1 expression vector was reported previously (48) . The FLAG-tagged Set7/9 and Rpl29 expression constructs were generated by cloning the mouse Set7/9 and Rpl29 cDNAs, respectively, into the pCAG-Flag-IRESblast vector (49) . The untagged Rpl29 expression constructs were generated by cloning the cDNAs into the pCAG-IRESblast vector (50) . The Set7/ 9:H297A and Rpl29:K5R point mutations were introduced by PCR-based mutagenesis. The GST-Set7/9 construct was generated by cloning Set7/9 cDNA into the pGEX-6P-1 vector (GE Healthcare). All plasmid constructs were verified by DNA sequencing. The primers used in this study are listed in Table S1 .
Cell culture and manipulations
WT (J1) and genetically modified (Set7/9 Ϫ/Ϫ and Rpl29 Ϫ/Ϫ ) mESC lines were grown on gelatin-coated Petri dishes and maintained in mESC medium containing 15% fetal bovine serum and 1,000 units/ml of leukemia inhibitory factor (51) . Normally, mESCs were cultured in the absence of feeder cells. However, feeder cells were used when mESCs were seeded at low density to derive individual clones for stable expression of exogenous proteins or for disruption of Rpl29 by the CRISPR-Cas9 technology. NIH 3T3 cells and human cancer lines were cultured according to instructions of American Type Culture Collection. Transfection was performed using Lipofectamine 2000 (Invitrogen). Generation of mESC or NIH 3T3 stable clones expressing exogenous proteins was done as previously reported (52) . Briefly, cells transfected with the corresponding plasmid vectors were selected with 6 g/ml of Blasticidin S HCl (Gibco) for 7-10 days, and individual colonies were picked. To inhibit Set7/9, mESCs or NIH 3T3 cells were treated with various doses of (R)-PFI-2 (36) for various periods of time.
Generation of Rpl29 ؊/؊ cells with CRISPR-Cas9 technology
J1 mESCs or NIH 3T3 cells were transiently co-transfected with the pCAG-Cas9-IRES-GFP vector and two synthesized gBlocks (Integrated DNA Technologies) containing the U6 promoter and Rpl29 targeting sequences in intron 1 and exon 4, respectively (Fig. S1A ). 24 h post-transfection, GFP-positive cells were sorted by FACS. Then the cells were seeded at low density, cultured for 7-10 days, and individual colonies were picked. The targeting strategy would delete exons 2 and 3 and create a frameshift (Fig. S1B) . The clones were initially screened by PCR (Fig. S1C) , and the Rpl29 Ϫ/Ϫ clones were verified by DNA sequencing and Western blotting.
Western blotting and immunoprecipitation
For Western blotting, total proteins from cells were extracted using RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, pH Table S2 .
IF
NIH 3T3 cells grown on glass coverslips were fixed with 4% paraformaldehyde for 7 min and permeabilized with 0.1% Triton X-100 for 10 min. After blocking with 10% goat serum in PBS for 1 h, the coverslips were incubated with Rpl29 mouse polyclonal antibody in PBS containing 0.5% BSA overnight at 4°C. The signal was detected using anti-mouse Alexa Fluor TM 488 IgG (Invitrogen). The coverslips were mounted on slides using ProLong TM Gold antifade reagent with DAPI (Invitrogen). Cells were visualized using an LSM 880 confocal microscope (Zeiss).
In vitro methylation assay
The GST-Set7/9 was expressed and purified as described previously (53) . In vitro methylation reactions were performed in a final volume of 30 l of 50 mM Tris-HCl (pH 8.5), 5 mM MgCl 2 , 4 mM DTT, and 0.42 M 3 H-labeled S-adenosyl-L-[methyl-3 H]methionine (PerkinElmer Life Sciences) (54) . Each reaction contains 1 g of synthesized peptide and 1 g of recombinant GST-Set7/9. Biotinylated Rpl29 peptides-(2-15) (amino-AKSKNHTTHNQSRK-Biotin) with mono-, di-, trimethylation and unmodified at Lys-5 were supplied by CPC Scientific Inc. Biotinylated H3 peptide-(1-18) was supplied by Keck Biotechnology Resource Laboratory. The reaction was incubated at 30°C for 1 h and then subjected to fluorography by separation on SDS-PAGE, transferred to a polyvinylidene fluoride membrane, treated with En 3 Hance TM (PerkinElmer Life Sciences), and exposed to film for 2 days at Ϫ80°C.
Global protein synthesis assays
SUnSET assay was performed as previously described (44) . Briefly, cells were incubated with culture medium containing 1 g/ml of puromycin (Gibco) for 10 min at 37°C to allow incorporation of puromycin into newly synthesized proteins. After rinsing twice with PBS, cells were cultured in regular medium for an additional 50 min. As a negative control (lack of protein synthesis), cells were treated with cycloheximide (100 g/ml) for 12 h before the addition of puromycin. Proteins were extracted with CHAPS buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.4, and 0.5% CHAPS), quantified, and analyzed by immunoblotting with puromycin antibody. Metabolic ([ 35 S]methio-nine) labeling assay was carried out as previously described (45) .
Polysome profiling
Polysome profiling was carried out as previously described (55) . Briefly, cells were incubated with cycloheximide (100 g/ml) in fresh Dulbecco's modified Eagle's medium/F-12 medium for 8 min at room temperature to "freeze" the ribosomes on the translating mRNAs. Next, cell pellets were lysed in 1 ml of hypotonic buffer (5 mM Tris-HCl, 2.5 mM MgCl 2 , 1.5 mM KCl, and 0.5% Triton X-100) supplemented with EDTAfree protease inhibitor (Roche Applied Science) and RNase inhibitor (Invitrogen). Cell lysates were further processed through a loose Type A glass homogenizer by 10 strokes. Following centrifugation at 16,000 ϫ g for 7 min at 4°C, the supernatant was collected for ultracentrifugation at 222,228 ϫ g (36,000 rpm) for 2 h at 4°C using an SW41Ti rotor. 2 ml of sucrose gradient (10%ϳ50%) was generated through a twochamber gradient maker system (CBS Scientific). Lysates were fractionated in a fast protein LC (FPLC) system (Bio-Rad), and 200 l of lysate for each fraction was collected through the fraction collector, whereas the OD at 254 nm was simultaneously monitored by a spectrophotometer. Free ribosome subunits (40S and 60S), monosomes (80S), and polysomes were determined according to their elution.
